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Negative-ion electrospray ionization tandem quadrupole mass spectrometry provides a useful
method for the structural characterization of ceramides. Fragment ions referring to the
identities of the fatty acid substituent and of the long chain base of the molecules are readily
available and the structure of ceramides can be easily determined. A unique fragmentation
pathway which leads to formation of the fatty acid carboxylate anions (RCO2
) was observed.
This fragmentation is initiated by cleavage of the C2™C3 bond of the LCB to yield a
N-acylaminoethanol anion ([RCONHCH2CH2O]
), followed by rearrangement to a carboxy-
ethylamine ([RCO2CH2CH2NH]
) intermediate, which further dissociates to a RCO2
 ion. This
pathway is confirmed by the CAD tandem mass spectrum of the synthetic N-acylaminoethanol
standard and of the deuterated analogs of ceramides obtained by H–D exchange. The
observation of RCO2
 ion species permits an unambiguous identification of the fatty acyl
moiety of ceramides. Tandem mass spectrometry methods for characterization of structural
isomers of ceramides using product-ion scanning and for identification of specific ceramide
subclasses in biological mixtures using neutral loss scanning are also demonstrated. (J Am
Soc Mass Spectrom 2002, 13, 558–570) © 2002 American Society for Mass Spectrometry
We recently reported the utilization of low-energy CAD tandem mass spectrometry withelectrospray ionization (ESI) to characterize
ceramides as their lithiated adduct ions in the positive
ion mode. The product-ion spectra contain rich frag-
ment ions that refer to the identities of the fatty acyl and
the long chain base (LCB) substituents of the molecules
and the structure of ceramides can be easily determined
[1]. Ceramide gives excellent sensitivity when observed
as the [M  H] species, which is very labile and easily
dissociates to the [M  H  H2O]
 ion [2]. In the
negative ion mode, ceramide forms the [M  Cl] ion
with Cl. Ceramide also yields [M  H] ions with less
sensitivity, when subjected to ESI [3–5].
Tandem sector mass spectrometric analysis of cer-
amide with FAB in negative-ion mode was first re-
ported by Costello et al. [6], followed by Ann and
Adams [7, 8]. The structural information obtained from
the product-ion spectra was thought to be complimen-
tary to that arising from the [M Li] or [MH] ions
in positive-ion mode [6–8]. Recently, Raith and Neu-
bert [3, 4] and Vietzke et al. [5] reported the application
of quadrupole ion-trap tandem mass spectrometric
method with ESI to characterize ceramide as the
[M  H] ions. However, the studies provide very
limited structural information and the evidence of the
proposed fragmentation pathways is inadequate.
Herein, we report the application of low-energy CAD
tandem mass spectrometry to the structural determina-
tion of the [M  H] ions of ceramides using ESI. This
paper highlights a unique rearrangement that leads to
the formation of the fatty acid carboxylate ion, with
which a direct identification of the fatty acid substituent
can be easily achieved. This paper also details the
fragmentation pathways that lead to the ion formation
using the product-ion spectra of the fragment ions
generated by source CAD (pseudo-MS3) and of the
analogous deuterium-labeling ion species obtained by
H–D exchange.
Materials and Methods
Ceramide Standards and Abbreviations
The N-oleoyl-4-sphingenine (d18:1/18:1-Cer) and N-
tetracosenoyl-4-sphingenine (d18:1/24:1-Cer) stan-
dards were purchased from Avanti Lipid (Alabaster,
AL). Sphingosine and other ceramide standards were
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purchased from Sigma Chemical (St. Louis, MO). The
N-stearoylsphinganine(d18:0/18:0-Cer), N-tetracosanoyl-
sphinganine (d18:0/24:0-Cer), and sphinganine (18:0-
LCB) standards were prepared by hydrogenation [9] of
the analogous N-acylsphingosines. The deuterium-
labeling standards were prepared by H–D exchange as
described previously [10].
The designation of ceramide is in the form of dLCB/
FA, with d denoting a dihydroxy long chain base (LCB),
namely, a 1,3-dihydroxyl-LCB, of which the 2-amino-
octadec-4-ene-1,3-diol (sphing-4-enine) is designated as
d18:1. The sphinganine LCB is designated as d18:0. FA
refers to fatty acid, which is designated as nFA for a
non-hydroxylated fatty acid and hFA for an -hydroxy
fatty acid.
Synthesis and Structural Characterization of
N-Oleoylaminoethanol Standard
The N-oleoylaminoethanol (C17H33CONHCH2CH2OH)
standard was synthesized using oleoyl chloride and
ethanolamine. At room temperature, an equivalent
oleoyl chloride (Aldrich Chemical, Milwaukee, WI) was
dropwisely added to an aliquot of 0.1 ml of ethanol-
amine (Aldrich Chemical) dissolved in 1 ml chloroform.
The mixture was vortexed at room temperature for 10
min. The reaction product was isolated with an Alltech
(Deerfield, IL) LiChrosorb silica column (4.6 mm  25
cm, 100 u), isocratically, using a 1:1 (vol/vol) propanol/
hexane with 3.5% water. The flow rate was set at 2
ml/min and UV was used as the detector. The N-
oleoylaminoethanol is eluted at 15 min and the overall
yield of the reaction is60%, as estimated by the HPLC
peak responses. Peaks were collected and blown to
dryness under a stream of nitrogen. The compound
gives a [M  H] ion of m/z 326 in positive-ion mode
and a [MH] ion of m/z 324 ion in negative-ion mode
by ESI/MS analysis. The structure of the product is
further confirmed by proton NMR spectroscopy (NH:
5.85 ppm, OH: 2.5 ppm).
Mass Spectrometry
ESI/MS analyses were performed on a Finnigan (San
Jose, CA) TSQ-7000 triple stage quadrupole mass spec-
trometer equipped with an electrospray ion source and
controlled by Finnigan ICIS software operated on a
DEC alpha station. Ceramides were dissolved in chlo-
roform/methanol (1/4), to a final concentration of 10
pmol/L, which yields mainly the [M Cl] and [M
H] ions upon MS analysis. To enhance the signal of the
[M  H] ions in most of the analyses, a voltage of
15–20 V was applied to the ion transmission octapole to
induce conversion of the [M Cl] ions to [MH] by
removal of HCl. Samples were infused (1uL/min) into
the ESI source, employing nitrogen as nebulizing gas
and the electrospray needle was set at 4.5 kV. The
heated capillary temperature was 250 °C and the mass
spectrometer was tuned to unit-mass resolution. For
product-ion spectra, precursor ions were selected in the
Figure 1. The ESI/MS of (a) the [M  Li] ions of bovine brain ceramides in positive-ion mode, (b)
the [M  Cl] ions of the same mixture obtained in negative-ion mode, and (c) the tandem mass
spectrum of the same mixture obtained by CNL of 36 (loss of H35Cl).
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first quadrupole (Q1) and collided with Ar (2.3 mtorr)
in the rf-only second quadrupole (Q2) using a collision
energy of 20–35 eV, and mass analyzed in the third
quadrupole (Q3). For CAD tandem mass spectrometry
of source-generated fragment ions (source CAD-MS2), a
voltage of 30–35 V was applied to the rf-only ion
transmission octapole to generate fragment ions, which
were then selected in the Q1 and collided with Ar (2.3
mtorr) in the Q2, using a collision energy of 25–35 eV.
Typically, a 1-min period of signal averaging was
employed for the scanned spectra and 1 to 10 min was
employed for the tandem mass spectra.
Results and Discussion
Formation of Negative Ions
Ceramide forms adduct ion ([M  X]) with various
anions (X), such as Cl, CH3CO2
, and CF3CO2
, when
subjected to ESI in negative-ion mode. The formation of
the [M  X] ions is compound dependent and the
relative ion abundance varies among different ceramide
subclasses. This is shown by the [M  Li] (Figure 1a),
and the [M  Cl] (Figure 1b) adduct ions of bovine
ceramide (from digestion of sphinogomylin). In the
latter spectrum, the ion intensities of the [M Cl] ions
that reflect the d18:1/hFA-Cer are more abundant than
those that reflect the d18:1/nFA-Cer. This may be
attributable to the fact that the chloride affinity for
d18:1/hFA-Cer in the gas phase is higher than that for
d18:1/nFA-Cer [11]. CAD of the [M  Cl] or the [M 
CF3CO2]
 adduct ions of ceramides yield mainly a Cl
(Figure 2) or CF3CO2
 ion (not shown), and structural
information referring to the fatty acid and the LCB
substituents is not available. As shown in Figure 2, the
product ion spectrum of the [M  Cl] ions of d18:1/
24:1-Cer at m/z 682 (Panel a) contains a major ion of Cl
at m/z 35 and a weak ion at m/z 646, corresponding to
Figure 2. The product-ion spectra of (a) the [M  35Cl] ions of
the d18:1/24:1-Cer at m/z 682, (b) the [M  35Cl] ions of the
d18:1/h24:1-Cer at m/z 698, and (c) the [M OAc] adduct ions of
the d18:0/d18:0-Cer at m/z 626.
Figure 3. The product-ion spectra of the [M  H] ions of (a) d18:1/18:1-Cer at m/z 562, (b)
d2-d18:1/18:1-Cer at m/z 564, (c) d18:1/24:1-Cer at m/z 646, and (d) the source CAD product-ion
spectrum of m/z 544, generated by source CAD of d18:1/18:1-Cer.
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loss of HCl ([M Cl] HCl), whereas the spectrum of
d18:1/h24:1-Cer at m/z 698 (Panel b) is dominated by
m/z 662 ([M  Cl]  HCl), and the Cl ion of m/z 35 is
less abundant. The preferential loss of HCl for the
d18:1/hFA-Cer over the d18:1/FA-Cer subclass is also
demonstrated by the tandem mass spectrum obtained
by neutral loss of 36 (Figure 1c), in which ions reflecting
the [M  Cl] ions of the d18:1/hFA-Cer species
become dominant. The lack of the structural informa-
tion of the [M  Cl] adduct ions upon CAD has been
reported for various compounds [11, 12], and may be
attributable to the fact that the ion is not stable. This is
also consistent with the notion that the [M  Cl] ions
can be easily converted to the [M  H] ions by source
CAD (Figure 9a), using a collision energy as low as 15
eV. In contrast, the [M  CH3CO2]
 adduct ions of the
Figure 4. The product-ion spectra of the [M  H] ions of (a) d18:0/18:0-Cer at m/z 566, (b)
d2-d18:0/18:0-Cer at m/z 568, (c) d18:0/24:0-Cer at m/z 650, and (d) d2-d18:0/24:0-Cer at m/z 652.
Scheme 1
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Figure 5. The source-CAD product-ion spectra of (a) the m/z 532, (b) the m/z 530, (c) the m/z 534 ion,
(d) m/z 534, (e) m/z 531, and (f) m/z 536. The m/z 532 (a) and 530 (b) were generated by source CAD
of the d18:1/18:1-Cer (m/z 562), and are reflecting loss of HCHO and (H2  HCHO), respectively. The
m/z 534 (c) was generated by CAD of the d18:0/18:0-Cer (m/z 566), and corresponds to loss of (H2 
HCHO). The m/z 534 (d), 531 (e), and 536 (f) are the analogous ions to m/z 532 (a), 530 (b), and 534 (c),
respectively, and were generated by source CAD of the corresponding d2-labeling ceramides.
Scheme 2
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d18:0/18:0-Cer at m/z 626 (Figure 2c) yield product ion
spectra similar to that obtained from the [M  H] ions
at m/z 566 (Figure 4a), and provide information for
structural characterization.
The Charge-Site(s) of the [M  H] Ions
Ann and Adams proposed the charge-remote fragmen-
tation (CRF) pathways for the fragment ions formed by
the [M  H] ions of ceramides following CAD. The
anionic charge was thought to delocalize at the carbonyl
and -carbon of the fatty acyl substituent [7, 8]. This
charge-site suggests that one of the -hydrogen in the
fatty acyl chain, instead of an exchangeable hydrogen
has been lost for the [MH] formation. However, the
ESI/MS of the H–D exchanged analogs of d18:1/nFA-
Cer and d18:1/hFA-Cer showed a 2 u and 3 u mass
shift, respectively, for the [M  H] ions (data not
shown), indicating that the charge is more likely to
reside at one of the exchangeable hydrogen sites. Raith
and Neubert suggested that the anionic charge is local-
ized at the amide, where the proton was lost. This
conclusion was based on the finding that the [M  H]
ion of ceramide became unobservable when the amide
proton was substituted by an alkyl chain [4]. However,
the evidence is inadequate and the concept of localizing
the negative charge at the amide instead of the alkyl
alcohol charge-site would contradict the fact that gas
phase ion of ROH is more acidic than R1R2N
H
[13]. We suggest that the negative-charge resides on the
sites, where the exchangeable protons can be account-
able for the proton loss. The various charge sites also
account for the various fragment ions observed in the
product-ion spectra of ceramides. The fragmentation
pathways for the ion formation may mainly involve the
charge-driven fragmentation (CDF) process, in addition
to the CRF process suggested by Ann and Adams [7, 8].
Structural Characterization by Tandem Mass
Spectrometry
N-acylsphingosines and N-acylsphinganines Although
the CAD product-ion spectra of [M  Li] ions of
ceramides obtained by high-energy are readily distin-
guishable from that by low-energy [1, 6–8], the prod-
uct-ion spectra of the [M  H] ions of ceramides from
low-energy CAD obtained in this study are similar to
that arising from high-energy [6–8]. As shown in Fig-
ure 3a, the [M  H] ions of N-oleoylsphingenine
(d18:1/18:1-Cer) at m/z 562 yield a weak ion at m/z 544
(c1), corresponding to loss of H2O, followed by a HCHO
loss to give rise to the m/z 514 ion (c4), which dissociates
to m/z 250 (b7) by loss of the fatty acyl moiety as a ketene
(loss of C16H31CHCO). The m/z 544 ion also gives
m/z 263 (b6) by elimination of the fatty acyl moiety as an
amide (loss of C17H33CONH2, 281 Da). The fragmenta-
tion pathways are supported by source CAD product-
Figure 6. The source-CAD product-ion spectra of (a) the m/z 322, generated by source CAD of
d18:1/18:1-Cer at m/z 562, (b) the m/z 322 ion, generated from source CAD of the standard of
N-oleoylaminoethanol at m/z 324, (c) the deprotonated d1-N-oleoylaminoethanol anion at m/z 325,
prepared by H–D exchange, (d) the [M  H] ion of N-oleoylaminoethanol at m/z 324. (e) and (f) are
the source-CAD product-ion spectra of the m/z 306 and 390 ions, generated from source CAD of
d18:1/18:1-Cer at m/z 562 and of d18:1/24:1-Cer at m/z 646, respectively.
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ion spectrum of the m/z 544 ion (Figure 3d), generated
by source CAD of m/z 562 and are similar to that
reported for the lithiated ceramides in positive-ion
mode [1]. The H2O loss leading to the m/z 544 ion from
m/z 562 may involve several pathways. This is based on
the observation of both the m/z 545 and 544 ions, which
respectively reflect the loss of HDO and D2O, in the
product-ion spectrum of the [M  H] ions of the
d2-d18:1/18:1-Cer at m/z 564 (Figure 3b), prepared by
H–D exchange, and consistent with the results previ-
ously reported [1].
Two interesting ions corresponding to loss of 30
([M  H  30]) and of 32 u ([M  H  32]), which
were observed in the high-energy CAD product-ion
spectra of the [M  H] ions of d18:1/nFA-Cer are also
present [7, 8]. The two ions were observed at m/z 532
and 530 in the spectrum of d18:1/18:1-Cer (Figure 3a)
and have been suggested to arise from a HCHO and a
CH3OH loss, respectively [3, 4, 7, 8]. However, the
mechanism(s) leading to the formation have not been
reported. We suggest that the former ion arises from
cleavage of the C1™C2 bond of the LCB with re-
attachment of one of the exchangeable hydrogen to C-2
carbon of the LCB to constitute a 1-N-oleoylaminohep-
tadec-3-ene-2-ol anion (c2 ion, Scheme 1a). The loss is
consistent with the observation of the m/z 534 ion
([564  HCHO]) in Figure 3b, and of the m/z 616 ion in
the product-ion spectrum of d18:1/24:1-Cer (Figure 3c).
The fragmentation pathway is also consistent with the
presence of the m/z 268 (b2) and 294 (a7) ions in the
source CAD product-ion spectrum of the m/z 532 ion
(Figure 5a). The m/z 268 ion (b2) probably arises from
further loss of the fatty acyl moiety as a ketene and the
m/z 294 ion (a7), arises from loss of the LCB as an
aldehyde (Scheme 1a).
The m/z 530 ion was previously suggested to arise
from m/z 562 by a direct loss of CH3OH [7, 8]. However,
this loss appears to be very unlikely. The product-ion
spectrum of the d2-d18:1/18:1-Cer (Figure 3b) contains
two analogous ions at m/z 531 and 532, reflecting loss of
33 u and 32 u, respectively. We suggest that the m/z 531
ion arises from loss of a HD, involving the exchangeable
hydrogen at the amide along with loss of HCHO
(Scheme 1b). This mechanism is supported by the
product-ion spectrum of m/z 531 (Figure 5e), generated
by source CAD of the d2-d18:1/18:1-Cer. The spectrum
contains the m/z 267 ion (b3), arising from further loss of
the fatty acyl moiety as a ketene (Scheme 1b), and the
m/z 321 ion, probably arising from further loss of the
LCB as an alkene (loss of CH3(CH2)12CH¢CH2). The
source CAD product-ion spectrum of the m/z 532 ion
(data not shown) arising from the same loss with no
involvement of the exchangeable hydrogen (loss of
HCHO and H2) is similar to that from m/z 531, indicat-
ing that the two ions may be structurally identical. An
alternative pathway for the ion formation can be spec-
ulated as a two-step process, which involves the pri-
mary loss of a HCHO followed by loss of H2 or HD to
yield m/z 532 or 531. However, the source-CAD prod-
uct-ion spectra of m/z 532 (562  HCHO) (Figure 5a)
and 530 [562  (H2  HCHO)] (Figure 5b) are readily
distinguishable. These results support the idea that the
Table 1. Major fragment ions observed for various ceramide
Ceramide species Fragment ions from
[M  H]
(m/z) Fatty acid LCB Common ions (m/z) LCB ions
A dc1
a c2 c3 c4 c5
db1 b2 b3
[A-H2O]
 [A-H2CO]
 [A-H2-H2CO]
 [A-H2O-H2CO]
 c1-H2O [LCB-H]
 b1-H2CO b1-H2-H2CO
674 26.0 d18:1 656 644 642 626 298 268 266
648 24:0 d18:1 630 618 616 600 298 268 266
646 24:1 d18:1 628 616 614 598 298 268 266
562 18:1 d18:1 544 532 530 514 298 268 266
650 24:0 d18:0 632 618 602 300 268
566 18:0 d18:0 548 534 518 300 268
662 h24:1 d18:1 644 632 630 614 298 268 266
664 h24:0 d18:1 646 634 632 616 298 268 266
580 h18:0 d18:1 562 550 548 532 298 268 266
666 h24:0 d18:0 648 634 618 600 300 268
582 h18:0 d18:0 564 550 534 516 300 268
648 24:1 d2-d18:1 629 618 616, 615 599 299, 300 270 267
564 18:1 d2-d18:0 565 534 532, 532 515 299,300 270 267
652 24:0 d2-d18:0 633 620, 619 603 301, 302 269
568 18:0 d2-d18:0 549 536, 535 519 301,302 269
665 d1-h24:1 d2-d18:1 646, 645 635 633, 632 615 301 271 268
583 d1-h18:0 d2-d18:1 564, 563 553 551, 550 534, 533 301 271 268 240
669 d1-h24:0 d2-d18:0 650 636 620 601 303 270
585 d1-h18:0 d2-d18:0 566 552 536 517 303 270
aDetectable  d.
bNAE  N-acylaminoethanol.
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fragmentation pathway for formation of the [(MH)
(H2  HCHO)]
 ion is different from that of [(M  H)
 HCHO].
One of the most interesting findings in this study
is that a unique carboxylate ion (RCO2
) at m/z 281(a4),
reflecting the 18:1-fatty acyl substituent is observed
in the product-ion spectrum of d18:1/18:1-Cer (Fig-
ure 3a). An analogous ion at m/z 365 (a4), reflecting a
24:1-fatty acyl substituent was also observed for
d18:1/24:1-Cer (Figure 3c). This ion is of low-abun-
dance in the product-ion spectrum obtained by high-
energy CAD and has not been reported [7, 8]. The ion
was also observed in the tandem mass spectrum
obtained by ion-trap mass spectrometry [3–5] and has
been mistakenly assigned as an amide radical anion
by Vietzke et al. [5]. The origin of the ion may derive
from the initial cleavage of the C2™C3 bond to form a
N-oleoylaminoethanol anion (C17H33CONHCH2CH2O
)
of m/z 324 (a1, Scheme 2a) by loss of the LCB as
an aldehyde (CH3(CH2)12CH¢CHCHO, 238 Da).
This bond cleavage also gives rise to m/z 237
([CH3(CH2)12CH¢CHCHO™H]
) (b5, Scheme 2b),
probably representing a deprotonated aldehyde ion
that can be used to identify the d18:1-LCB. An
analogous ion at m/z 239 reflecting the 18:0-LCB was
observed for d18:0/nFA (Figure 4a– d). Further loss
of H2 from the m/z 324 ion gives rise to a de-
protonated N-oleoylaminoethylen-1-ol at m/z 322
(C17H33CONHCH¢CHO
)(a2). The m/z 322 ion
may rearrange to a carboxyethenolamine anion
(C17H33COOCH¢CHNH
) (a2') and results in an oleic
carboxylate ion at m/z 281 (C17H33CO2
) (a4) by elim-
ination of an azirine (41 Da) (Scheme 2a, route a). This
fragmentation pathway is supported by the source
CAD product-ion spectrum of the m/z 322 ion (Figure
6a), generated from the m/z 562 ion via source CAD.
The spectrum is nearly identical to that arising from
the m/z 322 precursors (Figure 6b), generated by
source CAD of the authentic N-oleoylaminoethanol.
The [M  H] ion of the N-oleoylaminoethanol at m/z
324 is a labile ion, which dissociates to a prominent
N-oleoylaminoethylen-1-ol ion at m/z 322 (a2) via a H2
loss, when subjected to a collision energy of 20 eV
(data not shown), which is 15 eV lower than that
optimized for ceramides. The loss of H2 mainly
involves the two non-exchangeable hydrogens
bonded to the ethanol backbone, as evidenced by the
product-ion spectrum of the H–D exchanged analogs
of the m/z 325 ion (Figure 6c), which contains a
prominent ion of m/z 323, corresponding to a H2 loss.
At a collision energy of 32 eV, the product-ion
spectrum of the m/z 324 ion (Figure 6d) is nearly
identical to that obtained from m/z 322 (Figures 6a
and b), demonstrating that formation of the m/z 322
ion from m/z 324 via a H2 loss is indeed, the primary
step that leads to further fragmentations.
The m/z 306 (a3) is the most prominent ion observed
for d18:1/18:1-Cer (Figure 3a). The configuration of the
ion was previously proposed [6–8], and the ion was
thought to arise from [M  H] by a simultaneous
losses of the LCB as an aldehyde and a H2O involving
two exchangeable hydrogens [7, 8]. However, a domi-
standards in negative-ion mode
CAD of [M  H]
(m/z) FA ions (m/z)
b4 b5 b6
db7
da1 a2 a3 a4 a5 a6 a7 a8 a9
b2-29 b4-H2 c1-R1CONH2 c4-R1CH¢CO [NAE-H]
b a1-H2 a1-H2O RCO2
 RCONH a3-43 c2-238 A-CO-LCB a3-H2O
237 263 250 436 434 418 393 392 375 406
237 263 250 410 408 392 367 366 349 380
237 263 250 408 406 390 365 364 347 378
237 263 250 324 322 306 281 280 263 294
239 265 252 414 408 392 367 366 349
239 265 252 326 324 308 283 282 265
239 237 263 250 424 422 406 381 380 363 335 388
239 237 263 250 426 424 408 383 382 365 337 390
239 237 263 250 342 340 324 299 298 281 253 306
239 265 252 426 424 408 383 382 365 337 390
239 265 252 342 340 324 299 298 281 253 306
237 263 251 410 408, 407 391, 390 367 366 347 380
237 263 251 326 324, 323 307, 306 281 282 263 296
239 265 253 412 410, 409 393, 392 367 368 349
239 265 253 328 326, 325 309, 308 283 284 265
240 237 263 251 427 424, 423 407 382 381 363 335 389, 388
237 263 251 345 342, 341 325 300 299 281 253 307, 306
239 265 253 429 426 409 384 384 365 337 391, 390
239 265 253 345 342 325 300 300 281 253 307, 306
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nant analogous ion of m/z 307 was observed for d2-18:
1/18:1-Cer (Figure 3b), indicating that mainly one ex-
changeable hydrogen participating in the loss. As
shown in Figure 6d, the m/z 324 ion also gives m/z 306
(a3), probably by loss of H2O (Scheme 2a, route b). The
m/z 306 ion is also present in the source-CAD product-
ion spectrum of the m/z 544 ion (562H2O) (Figure 3d).
Therefore, the m/z 306 ion may arise from the consecu-
tive dissociation steps, which involve an initial loss of
H2O from [M  H]
, followed by loss of the LCB as an
aldehyde (loss of 238 Da) or via a reverse process, in
which a N-acylaminoethanol arising from loss of the
LCB as an aldehyde was primarily formed, followed by
a H2O loss.
As shown in Figure 6e, the m/z 306 ion (a3) yields ions
at m/z 279 and 263 (a6), when further subjected to CAD.
The latter ion likely arises from loss of CH2¢CHNH2
and consistent with the observation of the m/z 42,
corresponding to a CH2¢CHNH
 ion (Scheme 2a, route
b'). The losses are further confirmed by observation of
the m/z 363 and 347 (a6) ions in the product-ion spec-
trum of the analogous precursor ion of m/z 390 (Figure
6f), arising from d18:1/24:1-Cer. The observation of the
fragment ions arising from further dissociation of m/z
306 appears to be consistent with the structure of the
m/z 306 ion (a3), previously proposed [6–8]. Another
ion reflecting the fatty acid substituent of the molecule
was observed at m/z 280 (a5), which can also arise from
further dissociation of the N-oleoylaminoethanol inter-
mediate (m/z 324) (Figure 6d) by expulsion of an oxirane
(Scheme 2a, route c).
The apparent distinction of the product-ion spectra
of the N-acylsphinganine from that of the N-acylsphin-
gosine is that the [M  H  HCHO] ion is absent in
the spectra of the former, when acquired under an
optimal collision energy. This permits structural differ-
entiation of ceramides between these two subclasses
[6–8]. As shown in Figure 4a, the product-ion spectrum
of the [M  H] ion of d18:0/18:0-Cer at m/z 566,
contains the m/z 534 ion (c3), corresponding to loss of
(H2  HCHO), and the m/z 536 ion corresponding to
HCHO loss is not observed. The m/z 536 ion becomes
observable when obtained at low collision energy (data
not shown). This result indicates that the m/z 536 ion
may be formed. However, the ion is not stable and
undergoes different H2 losses, of which one involves
the participation of an exchangeable hydrogen, to form
a more stable ion of m/z 534 ([566  (H2  HCHO)]
.
This is shown by the product-ion spectrum of d2-d18:
0/18:0-Cer (Figure 4b), which contains ions at m/z 536
and 535, corresponding to loss of (H2  HCHO) and
(HD  HCHO), respectively. The m/z 534 ion (c3) may
be similar to the [M  H  HCHO] ion observed for
d18:1/nFA-Cer (Figure 3). This assumption is based on
the findings that the source CAD product-ion spectrum
of the m/z 534 ion (Figure 5c) arising from d18:0/18:0-
Figure 7. The product-ion spectra of the [M  H] ions of (a) d18:1/h18:0-Cer at m/z 580, (b)
d3-d18:1/h18:0-Cer at m/z 583, (c) d18:0/18:0-Cer at m/z 582, (d) d18:1/h24:1-Cer at m/z 662, (e)
d18:0/h24:0-Cer at m/z 666, and (f) d3-d18:0/h24:0-Cer at m/z 669.
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Cer is similar to that of the m/z 532 ion (c2) ([562 
HCHO]) (Figure 5a), but is readily distinguishable from
that of m/z 530 (c3) ([562  (H2  HCHO)]) (Figure 5b),
arising from d18:1/18:1-Cer. The product-ion spectrum
of the m/z 536 ion (Figure 5f) from d2-d18:0/18:0-Cer is
also similar to that of the m/z 534 (Figure 5d), but
different from that of the m/z 531 (Figure 5e), arising
from d2-18:1/18:1-Cer.
The above fragmentation pathways and the assign-
ment of the fragment ions were further illustrated by
the product-ion spectra of d18:1/24:1-Cer (Figure 3c)
and d18:0/24:0-Cer (Figure 4c) and the H–D exchanged
analog of d2-d18:0/24:0-Cer (Figure 4d). The fragment
ions referring to structural information of the fatty acid
substituent and the LCB of the ceramides included in
this study are listed in Table 1.
N--Hydroxysphingosine and N--Hydroxysphinganine.
It has been previously reported in the tandem mass
spectrometric study of the [M  Li] ions of ceramides
[1, 7, 8] that the cleavage of the C™C bond between the
carbonyl and the -carbon of the fatty acyl moiety
(-cleavage) is facilitated by the presence of the -hy-
droxyl group of the fatty acyl substituent. This feature is
also observed for the [M  H] ions, when subjected
to CAD. As shown in Figure 7a, the product-ion
spectrum of the [M  H] ion of d18:1/h18:0-Cer at
m/z 580 contains a prominent ion at m/z 253 (a8),
representing a deprotonated heptadecanoylaldehyde
anion (C15H31CH¢CH-O
) formed by a simultaneous
losses of CO and the sphingosine (Scheme 3b). The
cleavage of the bond also results in m/z 298 (b1), likely
a deprotonated sphingosine ion, which is also present
in the spectra of d18:1/nFA-Cer (Figures 3a and c).
An analogous ion of sphinganine was observed at m/z
300 in all the product-ion spectra of d18:0/nFA-Cer
(Figure 4) and d18:0/hFA (Figures 7c and e). The m/z
298 ion is very labile and dissociates to ions at m/z 268
(b2) and 266 (b3) by loss of HCHO and (H2  HCHO),
respectively. This is shown by the product-ion spec-
trum of the m/z 298 ion (Figure 8a), generated by
source CAD of a d18:1/hFA-Cer mixture. The frag-
ment ions are similar to that observed from the
sphingosine standard (Figure 8b). The fragmentation
pathways (Scheme 3a) are consistent with the earlier
notion that the [(M  H)  HCHO] and [(M  H)
(HCHO  H2)]
 ions arising from the [M  H]
ions of d18:1/nFA-Cer result from the similar cleav-
ages (Scheme 1). The product-ion spectrum of the [M
 H] ion of the synthetic sphinganine at m/z 300
(data not shown, the sphinganine yields very few m/z
300 ions) contains the m/z 268 ion arising from loss of
(HCHO  H2), and the m/z 270 ion from loss of
HCHO is not present. These results are similar to that
observed for d18:0/nFA-Cer, in which only the
(HCHO  H2) loss can occur and consistent with the
fragmentation pathway leading to the formation of
the [(M H)  (HCHO  H2)]
 ion as described for
d18:0/nFA-Cer (Scheme 1b).
Another feature ion for d18:1/h18:0-Cer (Figure 7a)
and d18:0/h18:0-Cer (Figure 7c) was observed at m/z
306 (a9), likely arises from m/z 324 via a H2O loss. The
analogous ions were observed at m/z 388 and 390 for
d18:1/h24:1-Cer (Figure 7d) and d18:0/h24:0-Cer (Fig-
ure 7e), respectively. The identity of the 18:1-LCB
Scheme 3
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moiety of the molecules is recognized by the presence of
m/z 237, along with the m/z 239 ion. The latter ion is a
major fragment ion observed in the product-ion spec-
trum of m/z 298 (Figure 8b). Therefore, the m/z 239 ion
(b4, Scheme 3a) observed for d18:1/h18:0-Cer probably
originates from further decomposition of m/z 298 (b1),
which yields ions at m/z 268 (b2) and 266 (b3), as
described earlier. The m/z 268 ion undergoes further
decomposition to m/z 239 (b4) by loss of NH¢CH2 (29
Da), followed by another H2 loss to m/z 237 (b5). This
fragmentation pathway is supported by the source
CAD product-ion spectra of the m/z 268 (Figure 8d) and
m/z 239 ions (Figure 8e) and consistent with the pres-
ence of an analogous ion of m/z 240 (mass shift of 1u) in
the product-ion spectra of d3-d18:1/18:0-Cer (Figure
7b), and d3-d18:1-LCB (Figure 8c). The m/z 239 ion is not
present in the product-ion spectra of d18:1/nFA-Cer
(Figures 3a and c), probably attributable to the fact that
the abundance of the sphingosine anion of m/z 298
produced by a ketene loss process is too low to initiate
a secondary dissociation to m/z 239. This is also consis-
tent with the low abundance of the m/z 268 ion in the
spectra. The fragment ions reflecting the identities of
the fatty acid substituent and the LCB of the ceramides
included in this study are listed in Table 1.
Identification of Ceramide Subclasses via
Linked Scannings
Precursor ion scan of m/z 264 has been previously used
for identification and quantification for ceramide in
biological extract [2]. However, identification of cer-
amide subclasses in mixture by constant neutral loss
scanning has not been described. As mentioned earlier,
the fragment ion of [M  H  256](a1), arising from
the combined losses of H2O and the LCB as an aldehyde
is a common ion observed for ceramides with a 18:1-
LCB, whereas the [M  H  258] ion is observed for
ceramide subclass with a 18:0-LCB. Therefore, identifi-
cation of ceramide subclasses with a 18:1-LCB or with a
18:0-LCB in mixtures can be achieved by CNL scanning
of 256 and 258, respectively. This is shown in Figures 9b
and c, which illustrate the precursor-ion spectra ob-
tained by CNL of 256 and 258, respectively. The former
spectrum contains ions at m/z 564, 592, 620, 634, 646,
648, and 674, representing the N-acylsphingenine with a
18:0, 20:0, 22:0, 23:0, 24:1, 24:0, and 26:1 fatty acyl
moiety, respectively, and ions at m/z 580 and 662,
arising from d18:1/h18:0-Cer and d18:1/h24:1-Cer, re-
spectively. The TIC profile of Figure 9b is close to that of
the ESI mass spectrum (Figure 9a), representing the
[M  H] species, however, the abundance of the ions
Figure 8. The source-CAD product-ion spectra of (a) m/z 298,
generated by source CAD of d18:1/h18:0-Cer (m/z 580), (b) the [M
 H] ion of sphingosine at m/z 298, (c) the deprotonated anion of
d3-sphingosine at m/z 301, prepared by H–D exchange, (d) the m/z
268 ion, and (e) the m/z 239 ion. The m/z 268 and 239 were
generated by source CAD of the [M  H] ions of sphingosine.
The m/z 298 (panel a) corresponds to the [M  H] ions of both a
sphingosine and a N--hydroxystearoylamide. The ions marked
with an asterisk arise from fragmentation of the N--hydroxys-
tearoylamide.
Figure 9. The ESI/MS of (a) the [M  H] ions of bovine brain
ceramides. The TIC profiles of the [M  H] ions of the same
mixture obtained by CNL scannings of 256 (b), 258 (c), and 327 (d),
identify the subclasses of d18:1/FA-, d18:0/FA- and d18:1/hFA-
Cer in the mixture, respectively.
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of m/z 580 and 662 has been suppressed. This is attrib-
utable to the fact that the [M  H  256] (a3) ion
observed for the N-acylsphingenine is the most promi-
nent, whereas the same ion observed for N--hydroxya-
cylsphingenine is less abundant. The major N-acylsph-
inganines in the mixture were observed at m/z 566, 582,
622, 636, 648, 664, and 676 reflecting the 18:0, h18:0, 22:0,
23:0, 24:1, h24:1, and 26:1 fatty acyl moiety, respectively.
However, the ions can also arise from the second
isotopic species from d18:1/FA-Cer.
The m/z 648 is the major ion observed in both the
tandem mass spectra obtained by CNL of 256 (panel b)
and of 258 (panel c), indicating that the ion may
represent a ceramide consisting of a 18:1- and 18:0-LCB.
Indeed, the product-ion spectrum of the m/z 648 ion
(Figure 10), contains a major set of ions at m/z 237 (b5)
and 392 (a3), arising from the d18:1/24:0-Cer and a
minor set of ions at m/z 239 (b5) and 390 (a3), reflecting
the d18:0/24:1-Cer isomer. The structure assignment of
the major 18:1/24:0-Cer species is further confirmed by
the ion sets of m/z 349 (a6), 367 (a4) (RCOO
), 366 (a5),
and 408 (a2), reflecting the 24:0-FA and of m/z 298 (b1),
268 (b2), 266 (b3), and 250 (b7), reflecting the 18:1-LCB.
Whereas the minor d18:0/24:1-Cer species is confirmed
by the presence of the ions of m/z 347 (a6), 365 (a4), 364
(a5), 406 (a2), arising from the 24:1-FA and of the m/z 300
ion (b1) that confirms the 18:0-LCB.
Conclusions
A complete structural identification of ceramide can be
easily achieved by tandem quadrupole mass spectro-
metry with ESI in the negative-ion mode. However, the
structurally informative ions can only be generated by
CAD of the [M  H] ions, which are significantly less
detectable than the [M  Cl] adduct ion species and
the [M  Li] ions in positive-ion mode by ESI. Dis-
crimination in detection among different ceramide sub-
classes also occurs. Although the TIC profiles of the
ceramide obtained by ESI/MS and ESI/MS/MS de-
scribed in this study may reflect the relative intensity of
the individual species of the same subclass in mixtures,
they can not reflect the relative amount among the
species in different subclasses. Under both high-energy
and low-energy CAD, the major fragment ions ob-
served for [M  H] ions in negative-ion mode and for
the [M  Li] ions in positive-ion mode appear to arise
from the similar bond cleavages [1, 8]. However, the
structurally informative product ions arising from the
[M  Li] adduct ion [1] are less abundant than those
arising from the [M  H] ion, when subjected to
low-energy CAD at the optimal collision energy. This is
advantageous for structural characterization of ceramide
using the product-ion spectrum of the [M  H] ion. The
application of this method in the identification of cer-
amide species in cell extracts is currently in progress.
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